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The title isotope exchange reaction was studied by converged time-dependent wave packet calculations, where an efficient 4th order split operator was applied to propagate the initial wave packet.
State-to-state differential and integral cross sections up to the collision energy of 0.35 eV were
obtained with 32O2 in the hypothetical j0 = 0 state. It is discovered that the differential cross sections
are largely forward biased in the studied collision energy range, due to the fact that there is a
considerable part of the reaction occurring with large impact parameter and short lifetime relative to
the rotational period of the intermediate complex. The oscillations of the forward scattering amplitude
as a function of collision energy, which result from coherent contribution of adjacent resonances, may
be a sensitive probe for examining the quality of the underlying potential energy surface. A good
agreement between the theoretical and recent experimental integral and differential cross sections at
collision energy of 7.3 kcal/mol is obtained. However, the theoretical results predict slightly too much
forward scattering and colder rotational distributions than the experimental observations at collision
energy of 5.7 kcal/mol. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907229]
I. INTRODUCTION

The mass-independent fractionation (MIF) of atmospheric
ozone has stimulated much recent interest in its origin.1–9 It is
now reasonably established that the ozone MIF is related to
a quantum mechanical effect originating from the zero-point
energy (ZPE) differences between the reactant and product
diatoms.10–12 Interestingly, a purely statistical treatment of the
kinetics is insufficient to reproduce the strong and unusual
isotopic effects and a dynamical correction is needed.13
The isotope exchange reactions
O∗3

O + bOcO −−→ cO + aObO

a

or

b

O + aOcO,

where a, b, and c denote 16, 17, or 18 isotopes of the oxygen
atom, respectively, are important atmospheric processes in
their own right. Since they are related to the formation of
ozone as a key step in the Chapman cycle, a better understanding of the exchange reactions might shed light on the ozone
formation reaction and its MIF. The thermal rate coefficients
of various isotopic exchange reactions have been measured,
which exhibit negative temperature dependences and a linear
correlation with the ZPE difference of the reactant and product diatoms.14–16 Consistent with the non-statistical effects
in ozone formation,13 recent crossed molecular beam experiments have unequivocally demonstrated that the 18O + 32O2
→ 16O + 34O2 exchange reaction has a strong non-statistical
a)Author to whom correspondence should be addressed. Electronic mail:

zsun@dicp.ac.cn
0021-9606/2015/142(6)/064308/10/$30.00

character, evidenced by the forward bias in the differential
cross sections.17,18 As a result, they are not amenable to statistical treatments and understanding of these kinetic isotope effects can only be satisfactorily achieved by dynamical models.
To gain insights into the non-statistical nature of the
isotopic exchange reactions, quantum dynamical calculations
have been reported by several groups.19–21 Since the ZPE
plays an important role in the exchange reactions,22,23 quantum
reactive scattering theory is preferred for the description of
the dynamical process. However, these dynamical calculations have mostly used the Siebert-Schinke-Bittererova (SSB)
potential energy surface (PES)24,25 of O3(X1A′) modified by
Babikov et al.,26 which is now known to be not sufficiently
accurate, particularly in the asymptotic region. This is illustrated by the calculated rate coefficients for the exchange
reactions, which are much smaller than the measured values
and show positive dependences with the temperature. Schinke
and coworkers have correctly identified the main source of
the error,16 namely, a “submerged barrier” in the asymptotic
region, which separates a spurious van der Waals well from the
covalent well along the minimum energy path and is lower than
the asymptotic energy, commonly seen in almost all previous
ab initio calculations.27–29 This so-called “submerged barrier”
or “reef” structure becomes a bottleneck with large impact
parameters, thus reducing the reactivity and causing a positive
temperature dependence.
It has recently been demonstrated that the “reef” structure is due to an artifact in the ab initio treatment of the
O3 electronic structure in the asymptotic region. When properly treated, the “reef” disappears30–32 and the calculated rate
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coefficients are in much better agreement with experiment
and possess a negative temperature dependence.32 In addition,
spectroscopic studies provided further evidence against the
“reef” structure in the asymptotic region.33 Hence, it is highly
desirable to carry out state-of-the-art quantum dynamics calculations on the new and more accurate PES, in order to
compare with experiment and shed light on the reaction dynamics.
In this work, we report state-to-state quantum dynamics
study of the 18O + 32O2 → 16O + 34O2 exchange reaction on
the latest Dawes-Lolur-Li-Jiang-Guo (DLLJG) PES30 coupled
with an accurate long-range potential,34 using a time-dependent
method based on an efficient 4th order split operator, which
allows the usage of a time step as large as 120 atomic units.35,36
Consistent with the available experimental data,17,18 our results
indicate a forward bias in the differential cross sections in the
energy range investigated, stemming apparently from the relatively short lifetimes of the osculating O3 resonances.21 In addition, our results are also in good agreement with the state-tostate cross sections reported in recent experiments.17,18 These
results provide strong supporting evidence for the accuracy of
the PES. The remainder of the paper is organized as follows. In
Sec. II, the theoretical and numerical details of the calculations
are given. The results and discussion are presented in Sec. III.
In Sec. IV, the translational energy distributions and product
angular distributions measured using a crossed molecular beam
apparatus at collision energies of 5.7 and 7.3 kcal/mol17,18 are
compared with the current theoretical results, and we conclude
in Sec. V.

II. THEORETICAL METHOD

For an A + BC reaction, we have two possible product
channels, AB + C and AC + B. These three arrangements are
denoted as α, β, and γ, respectively, which require three sets of
the body-fixed (BF) Jacobi co-ordinates to efficiently represent
⃗ v ) for each set of the
them. There are variables of (Rv ,r v , θ v , Ω
Jacobi coordinates, where v is either α, β, and γ. For v = α
(v = β, γ), r v is the bond distance of the diatomic molecule
(BC, AC, or AB), Rv is the distance from the atom (A, B, C)
to the center of the mass of the diatomic molecule (BC, AC,
⃗ v denotes the Euler
AB), θ v is the angle between r v and Rv , Ω
⃗ v in the space-fixed (SF) frame. In the Jacobi
angles orienting R
coordinates of the α arrangement, the Hamiltonian for a given
total angular momentum Jˆ can be written as37
2
jˆα
~2 ∂ 2
( Jˆ − jˆα )2
~2 ∂ 2
−
+
+
+ V̂ ,
Ĥ = −
2µ R α ∂ Rα2 2µr α ∂r α2
2µr α Rα2
2µr αr α2
(1)

where Jˆ is the total angular momentum operator, and jˆα is
the rotational angular momentum operator of BC. The wave
function in the BF frame can be expressed as

J ϵ∗ ⃗
Kα
⃗α ,⃗r α ) =
ΨJ M ϵ(R
D̄ M
K α (Ωα )ψα (Rα ,r α , θ α ; Kα ), (2)
Kα
J ϵ∗ ⃗
where D̄ M
K α (Ωα ) is the parity-adapted normalized rotation
⃗ α,
matrix. Depending only on the Euler angles Ω



J ϵ∗ ⃗
D̄ M
K α (Ωα ) =

2J + 1
8π(1 + δ Kα 0)


J∗
J +K α J ∗
⃗
⃗ α ) , (3)
× DM
D M −Kα (Ω
K α (Ωα ) + ϵ(−1)

where ϵ = (−1) j α +l α is the parity of the system, l α is the
orbital angular momentum quantum number, Kα is the projection of the total angular momentum J on the BF z axis, and
Jϵ
⃗
DM
K α (Ωα ) is the Wigner rotation matrix. The wave function
ψα (Rα ,r α , θ αKα ; Kα ), which only depends on the internal coordinates (Rα ,r α , θ αKα ) and Kα , can be expanded as

Kα
ψα (Rα ,r α , θ αKα ; Kα ) =
Fnm
j α u n (Rα )φ m (r α )Yj α K α (θ α ),
n, m, j α

(4)
where n and m are the radial basis labels, and Yj α Kα are spherical harmonics. The initial wave packet Ψ J0M0ϵ 0 is constructed
vα j α l α
in the SF frame as the product of a total angular momentum
eigenfunction, a rovibrational eigenfunction of molecule BC,
and a Gaussian wave packet along the translational coordinate.
To propagate the initial wave packet in the BF frame, we need
to first transform it from the SF frame to BF frame and then
propagate it using the 4th-order split operator method.
The 4th-order split operator has the following form:38
Sn (∆t ) = exp(−iα k+1V̂ ∆t ) exp(−i βk T̂∆t ) exp(−iα k V̂ ∆t )
× exp(−i βk−1T̂∆t )
· · · exp(−iα2V̂ ∆t ) exp(−i β1T̂∆t ) exp(−iα1V̂ ∆t ), (5)
with parameters as α1 = 0.079 203 696 431 195 7,
= 0.353 172 906 049 774, α3 = −0.042 065 080 357 719 5,
= 1 − 2(α1 + α2 + α3), α5 = α3, α6 = α2, α7 = α1;
= 0.209 515 106 613 362, β2 = −0.143 851 773 179 818,
= 1/2 − ( β1 + β2), β4 = β3, β5 = β2, β6 = β1 where

α2
α4
β1
β3

e−i T̂ ∆t ~ = S2T̂ (∆t ) ≈ e−i T̂ j ∆t /2~e−i(T̂r +T̂ R )∆t /~e−i T̂ j ∆t /2~,

(6)

where V is the potential energy surface of the triatomic system,
T̂ j =

jˆα2
( Jˆ − jˆα )2
+
2
2µ R α Rα 2µr αr α2

is the angular kinetic energy operator and
T̂r = −

~2 ∂ 2
2µr α ∂ 2r α

and
T̂R = −

~2 ∂ 2
2µ R α ∂ 2 Rα

are the radial kinetic energy operators of the triatomic system.
The angular kinetic energy operator T̂ j has been split further
with respect to the kinetic energy operators T̂r and T̂R to reduce
the computation effort. This split-operator propagator has been
shown to be both accurate and efficient with large time steps
(∆t ).35
During the propagation, the fast Fourier transform method
is adopted to apply the radical kinetic energy operator onto
the wave packet on an L-shaped grid. The generalized discrete
variable representation (DVR) is used to evaluate the action of
the potential energy operator,39 in which the wave packet is
converted from the angular finite basis representation (FBR)
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to a grid representation. To avoid the wave packet reflecting
back from the boundaries, especially when moving slowly,
an absorbing potential is employed with the same form as
in Ref. 40 in a long grid range. To extract the state-to-state
S-matrix for both product channels, the reactant coordinate
based (RCB) method is adopted.41–43 At the projection plane
R0v = 7.5 a.u. of product Jacobi coordinate (v = β, γ), the product wave functions were expressed by (Rα , θ α ) for projecting
out the time-dependent product-state resolved wave function,
which then gave the time-independent product-state resolved
wave function by a Fourier transform. The value of R0v is
much smaller than the central position (R0α = 10.0) a.u. of the
initial wavepacket, and the state-to-state information below the
collision energy of 0.05 eV is not so accurate.41,42 However,
this fact would not influence the discussions following.
The obtained time-independent BF scattering wave function from an initial state (vα , jα , l α ) is then first transformed
into the SF frame by an orthogonal transformation matrix by

ΦJv vϵj v l v ← vα j α l α (E) =
ClJv jKv ϵv ΦJv vϵj v K v ← vα jα l α (E). (7)
Kv

The state-to-state scattering matrix SvJvϵj v l v ← vα j α l α (E) (v = β,
γ) in the SF frame can be obtained by imposing the asymptotic
boundary conditions,
 1/2

2π~2 k v v j v
Jϵ
Φ v v j v l v ← vα j α l α (E; Rv0) = −A(E)
µRv
Jϵ
× Sv v j v l v ← vα j α l α (E) H̄l v (k v v j v Rvα ),
(8)
where A(E) is defined as

 1/2 
µRα
A(E) =
H̄l0(k vα jα Rα )G(Rα )dRα , (9)
2π~2 k vα j α
where H̄ is an outgoing Riccati-Hankel function and G(Rα ) is
a Gaussian shape function of the initial wave packet.
Finally, the scattering matrix SvJv j v l v ← vα j α l α (E) in the SF
frame is transformed into the helicity representation by the
standard transformation

 ′ 2l ′ + 1
J
l−l
⟨ j ′K ′l ′0| JK ′⟩ SvJ′ j ′l ′← v jl
Sv ′ j ′K ′← v j K =
i
2J
+
1
′
ll


×

2l + 1
⟨ j Kl0| JK⟩ .
2J + 1

(10)

By substituting the scattering matrix SvJvϵj v K v ← vα j α Kα (E) in the
helicity representation into the standard formulas, we obtain
the state-to-state integral cross sections (ICSs),

π
σ v v j v ← vα j α =
(2J + 1)
(2 jα + 1)k v2α j α K v Kα J
2

× SvJv j v K v ← vα j α Kα .

(11)

And the state-to-state differential cross sections (DCSs),
dσ v v j v ← vα jα (ϑ, E)
dΩ
1
=
2 jα + 1

1
K v Kα

2ik v2α j α

2

J
J
(2J + 1)d K
(ϑ)S
v v j v K v ← vα j α Kα
v Kα
J

(12)
in which ϑ is the scattering angle between the incoming
A + BC reactants and the scattered AC + B/AB + C products.
J
dK
is the reduced rotational matrix.44
v Kα
The nuclear spin statistics restricts the 32O2 molecule to
rotational states with odd quantum numbers. However, we
have approximated the calculations using the initial condition
(v0, j0) = (0, 0). Such an approximation substantially reduced
the computational costs, which are quite significant because
of the large grid and large number of partial waves needed for
this barrierless reaction. Extensive tests have been performed
here and in our previous work21,32 to examine the differences
between j0 = 0 and j0 = 1 and the results at multiple J values
showed that the corresponding reaction probabilities follow
each other very closely. Such closeness is understandable as
the rotational constant of O2 is very small and the energy
difference between these two lowest rotational states is only
3.6 × 10−4 eV. Only for larger values of j0, the cross-sections
are significantly reduced and this does contribute to the negative temperature dependence, as shown in Ref. 32. The reader
is forewarned that the results presented here is based on this
j0 = 0 approximation.

TABLE I. Numerical parameters for the quantum calculation of the O + O2 reactive scattering (all in atomic unit, except specified).
18O + 32O
2
1 = 255, N 2 = 161
R ∈ [0.3, 16.0], N R
R
r ∈ [1.5, 14.0], Nr1 = 161, Nr2 = 31
j min = 0 ∼ j max = 120, N j = 61

Grid/basis range and size

Initial wavepacket
R 0 = 10.0
exp[−

(R−R 0)2
ik 0 R]
2∆2R

Absorbing potential40

Propagation
Matching plane

∆ R = 0.12

k 0 = 2E 0 µ R with E 0 = 0.25 eV
n′ = n = 1

C a′ = 0.001, C b′ = 0.003, R a = 11.0, R b = 15.0,
C a = 0.003, C b = 0.02, r a = 9.0, r b = 13.0

Time step: ∆t = 120

Total time: 200 K a.u.
β,γ

R0

= 7.5
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FIG. 1. Product state-resolved reaction
probabilities for J = 50, calculated with
Kmax = 50 and 2J /3 = 34.

The numerical parameters applied in the calculations are
listed in Table I. In the calculations, all of the necessary helicity
quantum number values below Kmax are included, which is set
as max(10, 2J/3). We will see later that such truncation of
the helicity quantum number introduces negligible errors for
the studied reaction. In order to get a converged DCS up to
collision energy 0.35 eV, state-to-state attributes for all partial
waves J ≤ 110 were calculated. We note that the absorbing
potentials of a particularly long range were applied, especially
for the R degree of freedom, because there is a considerable
part of the wave packet with low kinetic energy.

III. RESULTS AND DISCUSSION

All parameters were extensively tested to obtain numerical convergence of the results. Usually for a reaction involving
a well, which implies a long lived complex, all of the helicity
quantum number values have to be considered.45 In order
to save computational costs, we need first to determine how
many helicity quantum numbers need to be included in our
calculations. For total angular momentum J = 50, the blocks
of Kα ≥ 30 actually only have negligible populations. Therefore, we can get accurate numerical results with a truncation
of the helicity quantum numbers to Kαmax = 30. The product
state-resolved results for J = 50, calculated with Kαmax = 50
and Kαmax = 2J/3 = 34, are compared in Fig. 1. Only negligible differences between them are seen. Similar situations
are observed for other J. Therefore, for saving computational
costs, we need only helicity quantum numbers up to Kαmax
= 2J/3.
Total reaction probabilities as a function of collision energy for J = 0, 20, 40, 60, and 80 are presented in the upper
panel of Fig. 2. It is seen that there are many peaks resulting from dense reactive resonance states. Using a broadening

FIG. 2. Upper panel: Total reaction probabilities as a function of collision
energy (thin lines). The bold lines are obtained by a smoothening of the thin
lines by a Gaussian shape function. Bottom panel: 2D plot of smoothened
total reaction probabilities as a function of collision energy and total angular
momentum J . The near quadratic rise of resonance peaks with J suggests the
validity of J -shifting approximation.
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FIG. 3. Selected product rotational state
resolved ICSs as a function of collision
energy for v ′ = 0 (a) and v ′ = 1 (b). All
product rotational states resolved ICSs
as a function of collision energy for v ′
= 0 (c) and v ′ = 1 (d), which have been
smoothened by a Gaussian shape function for collision energies.

function with a Gaussian shape of width 0.004 eV, the oscillations in the total reaction probabilities as a function of collision
energy are smoothened, given as thick lines in the upper panel
of Fig. 2. In this way, the smoothened total reaction probabilities as a function of collision energy of all J are given as a 2D
contour plot in the bottom panel of Fig. 2. It is observed that
the J-shifting rule46,47 works well for this reaction, as seen in
our previous work on the modified SSB PES.21 In other words,
the same resonance states persist in different J values, at least
in adjacent several J, which implies that the reaction does not
follow the prediction of a statistical theory. This non-statistical
behaviour may originate from the weak coupling between
different K blocks, as indicated by the fact that only a part of
the helicity quantum numbers are populated. The weak Coriolis coupling results in inefficient mixing of the vibrational
states, thus total reaction probabilities of different J values
observe approximately the J-shifting rule. This conclusion is
consistent with the quasi-classical trajectories studies.48,49
Product ro-vibrational states resolved ICSs as a function
of collision energy are displayed in Fig. 3. The rotational state

resolved ICS decreases significantly with increasing collision
energy, which leads to that the total ICS for v ′ = 0 decreases
as collision energy increases, even more rotational states are
accessible with higher collision energy. This is seen more
clearly in Fig. 4.
Typical product rotational state resolved DCSs as a function of collision energy for v ′ = 0 and 1 are presented in
Fig. 5. In order to remove the fast variations as a function of
collision energy, a 0.3 kcal/mol (=0.013 eV) width Gaussian
broadening function was imposed for all of the DCS, in a way
to phenomenally reproduce the lower experimental resolution.
The product vibrational state resolved DCSs for v ′ = 0 and 1
are presented in Fig. 5 also. It is observed that, the forward
scattering is always dominant, especially for v ′ = 1. However,
there are strong oscillations of the forward and backward
scattering as a function of collision energy.
The ratios of forward and backward scattering as a function of collision energy for v ′ = 0 are presented in Fig. 6. As
indicated by the vertical lines, there is interesting correspondence between the oscillations of the forward and backward

FIG. 4. Selected product vibrational
state resolved ICSs at several selected
collision energies for v ′ = 0 and v ′ = 1.
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FIG. 5. Product ro-vibrational stateresolved DCSs as a function of collision energy for (v ′, j ′) = (0, 6) and (1, 6)
and vibrational state-resolved DCSs as
a function of collision energy for v ′ = 0
and 1.

scattering. At the collision energies where the forward scattering exhibits peaks, the backward scattering exhibits valleys.
The “effective” rotational constant B of the intermediate
complex of the reaction can be derived from the J-shifting
rule46,47 by the total reaction probabilities of adjacent J and
J − 1 by the following equation:
PJ (E) = PJ −1(E + 2J B).

(13)

The calculated B constant is plotted as a function of J in Fig. 7.
The rotational constant B decreases slowly with increasing J
of about 0.0005 kcal/mol. A rotational constant B = 0.0005
kcal/mol implies that the rotational period of the intermediate
complex for J = 1 is about 4.135 ps.
In Fig. 2, it is observed that in the total reaction probabilities with J = 0, 20, 40, 60, and 80, the widths of the narrow

FIG. 6. The forward and backward scattering as a function of collision
energy for product vibrational states v ′ = 0.

resonance peaks roughly persist with different total angular
momentum J values at about 0.002 eV, implying a lifetime
of about 0.329 ps. This time is quite short, compared with
the rotational period (4.135 ps) of the intermediate complex
and J needs to be as high as 6 to rotate fast enough to bring
the products to the forward scattering direction. There are also
some broad peaks, especially for J = 0, which is constituted by
several narrow peaks with a width about 0.01 eV, corresponding to an intermediate complex with lifetime about 66 fs. The
lifetimes of these broad resonances become shorter and shorter
with increasing J, and finally lead to a continuous reactivity,
where the persisting narrow peaks, generated by the resonance
states of longer lifetimes, are superimposed.

FIG. 7. The rotational constant of the intermediate complex as a function of
total angular momentum J .
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FIG. 8. The forward and backward scattering at the collision energies indicated by the vertical lines in Fig. 6, as a function of maximum total angular momentum
J retained in the partial waves sum.

It is reasonable to expect that only a small portion of
the products are produced by the long lived complexes and
have time for a few rotations during the reaction. Most of the
products are produced by the complexes of short lifetimes,
especially at higher collision energies, which may only exist
for less than roughly one rotation period. As a result, the
reactive resonances at a particular collision energy influence
the DCS considerably and may display as oscillations in the
forward and backward directions as a function of collision
energy. At the same time, the oscillations in the backward
and forward scattering as a function of collision energy may
also result from coherent interferences between the resonance
states, which may not be reproduced well by classical methods.
They thus present a sensitive probe of the quality of the underlying PES.
The effect of the quantum coherence between different
partial waves on the forward and backward scattering of
34
O2 (v ′ = 0) can be deduced from Fig. 8, which shows the
calculated differential cross sections for the reaction at collision energies of 0.011, 0.06, 0.08, 0.098, 0.13, and 0.17 eV,
indicated by the vertical lines in Fig. 6, as a function of the
maximum total angular momentum quantum number Jmax
that is retained in the partial waves sum. The interference
between the partial waves is clear since the scattering ampli-

tude does not increase monotonically, and Fig. 8 shows that
the 34O2 (v ′ = 0) differential cross section in the forward
and backward directions increases in an oscillatory way as a
function of Jmax in each case. This coherent nature originates
from the identifiable resonance states, suggested by their Jshifting rules.
The opacity functions at the selected collision energies, at
the positions indicated by the vertical lines in Fig. 6, are shown
in Fig. 9. It shows that a major part of the reactivity of the reaction comes from collisions with large total angular momentum
J values, especially for the opacity functions shown in the left
panel at collision energies of 0.011, 0.08, and 0.13 eV. On
the contrary, the opacity functions in the right panel decrease
earlier with more gentle slope with increasing J, which suggests that the reactivity with large impact parameters is less
important at these collision energies.
The DCS of v ′ = 0 in the backward scattering exhibits
valleys at the collision energies of 0.011, 0.08, and 0.13 eV,
corresponding to the vertical lines ❶, ❸, and ❺, as shown in
Fig. 6. Thus, the more forward scattering at these collision
energies partly follows the features of an “osculating complex”
model.50–52 In the model, the intermediate complexes with
shorter lifetime produced by collision at large impact parameters (i.e., large J values in quantum theory), as compared

FIG. 9. The opacity function for product vibrational state v ′ = 0 at the collision energies indicated by the vertical
lines in Fig. 6.
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FIG. 10. Product angular distributions
P(ϑ) for the 18O + 32O2 → 16O + 34O2.
The black lines are the best-fit empirical simulations of the experimental
TOF spectra. The gray shaded regions
are conservative estimates of the uncertainty corresponding to the ranges of
adequate fits to the experimental TOF
spectra. The green lines are the theoretical results from the current quantum
reactive scattering calculations.

with the averaged rotational period, lead to more forward
scattering. Instead of forming a true “trapped” complex, the
reaction occurs in a way more like an abstraction process and
produces profound forward scattering.51 These “semi-trapped”
complexes, i.e., the resonance states, control the reactivity of
the reaction at different collision energies, which finally lead
to the oscillations of the products in the forward and backward
directions.
At the same time, we note that the forward scattering in the
studied collision energy range is not alway much higher than
the backward scattering, depending strongly on the collision
energy. As indicated by the lines ❷ and ❻, these amplitudes

of the backward and forward scattering at these two collision
energies are quite comparable.
IV. COMPARISON WITH EXPERIMENTAL
OBSERVATION

Recently, Van Wyngarden and coworkers measured the
angular and velocity distributions of 34O2 produced by reactive
scattering between 18O(3P) and 32O2 by an universal crossed
molecular beam apparatus at collision energies of 5.7 and
7.3 kcal/mol. The time-of-flight (TOF) spectra of the 34O2
product were measured at various laboratory angles, which

FIG. 11. Product translational energy
distributions: The black lines are the
best-fit empirical simulations P(E t ) of
the experimental TOF spectra. Areas
under the separate v = 0 and v = 1 were
normalized to 1 so that rotational distributions for each vibrational state can be
compared, while the relative contributions of the v = 0 and v = 1 channels are
evident in the total P(E t ) in (a) and (d).
The gray shaded regions are conservative estimates of the uncertainty corresponding to the ranges of adequate fits
to the experimental TOF spectra. The
green, blue, and red lines are the theoretical results from the current quantum
reactive scattering calculations.
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FIG. 12. Theoretical center-of-mass
3D product velocity flux diagrams for
E C = 5.7 and 7.3 kcal/mol of the P(E t )
and P(ϑ), obtained from the current
quantum reactive scattering calculations. The forward direction is indicated
in each plot.

were fit empirically using an iterative forward-convolution
method for extracting center-of-mass product energy and
angular information.17,18
The experimental product angular and translational energy distributions obtained from the empirical fits to the TOF
data at the two different collision energies are shown in Figs. 10
and 11, respectively, comparing with the theoretical results.
The experimental differential cross sections at Ec = 7.3 kcal/
mol are significantly forward biased for both v ′ = 0 and 1,
which is reproduced well by the theoretical results. However, the experimental differential cross sections at Ec = 5.7
kcal/mol are less well reproduced by the theoretical results,
especially for the v ′ = 0 channel. The theoretical differential
cross section for v ′ = 0 is much more forward-biased. Similarly, the translational energy distribution at Ec = 7.3 kcal/mol
was reproduced well by the theory, but less so at Ec = 5.7 kcal/
mol. The experimental distribution is rotationally much hotter,
and there is a shift in the translational energy cutoffs. For
a complete comparison, 3D plots of the theoretical DCS for
v ′ = 0 and 1 were presented in Fig. 12. One may compare with
the experimental 3D DCS in Ref. 18.
Considering the experimental uncertainty in determining
the collision energy,18 we also present the theoretical translational energy distribution at Ec = 6.0 kcal/mol. Even though
the cutoff translational energies for the v ′ = 0 and 1 are approximately reproduced, the theoretical rotational states distributions are still too hot.
The less satisfactory agreement between the experimental
and theoretical results at Ec = 5.7 kcal/mol may result from remaining inaccuracies in the PES, or the neglect of the effects of
the couplings between different electronic states. As we have
shown in Fig. 6, the forward scattering is not necessarily always much larger than the backward scattering, depending on
the resonance states mediating their relative amplitudes. The
inaccuracy of the resonance states on the DLLJG PES could

lead to incorrect relative amplitude of the forward/backward
scattering. At the same time, the experimental conditions were
not exactly the same for different collision energies since the
gaseous pressure for producing the molecular O2 beam with
different velocities needs to vary.18 This may result in experimental uncertainties which may account for the disagreement.
In addition, the rotational state distribution of the 32O2 reagent has not been measured. The reaction of highly rotational
excited diatomic reagent has different reactivities from the
lowest rotational state (v0, j0) = (0, 0).32
The interesting issue is that the experimental and theoretical differential cross sections and translational energy distributions at Ec = 7.3 kcal/mol agree with each other well. One
possible explanation is that the collision energy is much higher,
therefore the experimental uncertainties in collision energy
spread and effects from high rotational excited states, which
are significant at lower collision energies, are negligible at
this energy. Further theoretical investigations are necessary to
identify the sources of the discrepancies.
V. CONCLUSIONS

In this work, an efficient time-dependent quantum wave
packet method using a 4th-order split operator was applied for
calculating the state-to-state cross sections of the 18O + 32O2
reaction, up to the collision energy of 0.35 eV with the initial
state as (v0, j0) = (0, 0). The hypothetical j0 = 0 state was used
here to approximate the j0 = 1 state for 32O2 in order to reduce
computational costs. This approximation is reasonable as their
reaction probabilities at several J values are quite similar. It is
shown that this reaction deviates from the statistical limit. The
effects from individual resonance states are assignable, which
lead to oscillations in the backward and forward scattering as
a function of collision energy. The oscillations in the backward/forward scattering as a function of collision energy may
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be a good probe of the quality of the potential energy surface.
These results suggest that this exchange reaction is mediated
by identifiable resonances, instead of random resonances.
The theoretical differential cross sections and rotational
states distributions for v ′ = 0 and v ′ = 1 at collision energies
of 5.7 and 7.3 kcal/mol are compared with the experimental
results by Van Wyngarden and coworkers. It is found that the
theoretical and experimental results agree with each other very
well at the collision energy of Ec = 7.3 kcal/mol. However,
the agreement at Ec = 5.7 kcal/mol is less satisfactory. The
possible reasons for the differences include the possible inaccuracies in the DLLJG PES, and the inexact nature of the adiabaticity of the dynamic model. The discrepancies might also
be due to uncertainties in the experiment, such as rotational
excitation in the reactants. In spite of this, the calculations on
the title reaction in the present work are the most accurate to
date and they bring the theory significantly closer to the experiment, suggesting that we are approaching the final discovery
of the dynamical reasons for the kinetic isotope effects in the
O + O2 reaction and ozone stabilisation.
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